INTRODUCTION
============

The functionalization of alkenes ([@R1], [@R2]), especially vicinal difunctionalization ([@R2]--[@R9]), has proved to be one of the most attractive and efficient approaches toward the construction of structurally diverse molecules. As an example, the Sharpless aminohydroxylation and dihydroxylation have been extensively studied and applied in chemical syntheses as shown in [Fig. 1A](#F1){ref-type="fig"} ([@R10], [@R11]). As ubiquitous building blocks for various organic molecules, β-alkoxy and β-amino sulfides showed a wide range of intriguing properties and have been widely applied in organic chemistry ([@R12], [@R13]), biological chemistry ([@R14]--[@R17]), and especially carbohydrate chemistry ([@R18]--[@R20]). However, in marked contrast to the extensive research of Sharpless aminohydroxylation and dihydroxylation, oxysulfenylation and aminosulfenylation (ideal strategies for the synthesis of β-alkoxy and β-amino sulfides) remain underexplored, and almost all methods involve presynthesized thiolating agents such as disulfides, sulfonyl hydrazides, sodium sulfinates, and 1-(arylthio)pyrrolidine-2,5-diones, which lead not only to an additional operation step but also to environmental problems ([@R21]--[@R26]). Undoubtedly, directly using commercially available thiophenols/thiols as thiolating agents to perform oxysulfenylation and aminosulfenylation is a more ideal choice and becomes very attractive ([Fig. 1B](#F1){ref-type="fig"}). However, thiophenols/thiols could easily overoxidize to generate sulfoxides and sulfones, as an oxidant is essential for this transformation ([@R27], [@R28]), making the oxysulfenylation and aminosulfenylation of alkenes become problematic ([Fig. 1C](#F1){ref-type="fig"}).

![Difunctionalization of alkenes.](aat5312-F1){#F1}

Electrochemical synthesis can directly use an anode to remove electrons to realize the function of oxidants and has become a growing research field in chemical syntheses ([@R29]--[@R45]). We envisioned that the oxidation and overoxidation of thiophenols/thiols might be controlled in the electrochemical reactions by altering the operating voltage and current. As shown in [Fig. 1D](#F1){ref-type="fig"}, under electrochemical conditions, thiophenols/thiols could be converted to the corresponding thiyl radicals with high efficiency and selectivity. Then, the radical addition of thiyl radicals to alkenes forms a carbon radical, which could be further oxidized and attacked by nucleophiles, providing an opportunity for selective oxysulfenylation and aminosulfenylation of alkenes.

Here, we report a novel and highly selective electrochemical oxidative oxysulfenylation and aminosulfenylation of alkenes directly using thiophenols/thiols as thiolating agents. Specifically, neither external chemical oxidants nor metal catalysts are required in this designed reaction. In terms of substrate scope, various alkenes, thiophenols/thiols, O-nucleophiles, and types of N-nucleophiles were compatible in this transformation, generating the desired products in up to 95% yields. Notably, this electrochemical oxidative synthetic strategy could also be applied for the hydroxysulfenylation and acyloxysulfenylation of alkenes.

RESULTS AND DISCUSSION
======================

At the initial stage, 4-chlorothiophenol (**1a**), styrene (**2a**), and methanol (**3a**) were selected as the model substrates to examine our design. The desired β-alkoxy sulfide **4aa** was produced in moderate yield in an undivided cell when ^*n*^Bu~4~NBF~4~ was used as the electrolyte and CH~3~CN was used as the solvent under a constant current. This interesting result showed that our design is reasonable. After a series of explorations, the optimal conditions were described as follows: In an undivided cell using a two-electrode system with the graphite rod as the anode, the platinum plate as the cathode, the solution containing ^*n*^Bu~4~NBF~4~ as the electrolyte, and CH~3~CN as the solvent, the reaction was electrolyzed at a constant current of 12 mA for 4 hours at 40°C (for optimization of reaction conditions, see the Supplementary Materials).

Using the optimized reaction conditions, we investigated a series of alkenes. As shown in [Table 1](#T1){ref-type="table"}, gratifyingly, a series of styrenes bearing electron-donating groups on the para position of the phenyl ring were compatible with the reaction conditions, providing the desired β-alkoxy sulfides in high yields ([Table 1](#T1){ref-type="table"}, **4ba** to **4da**). Similarly, ortho- and meta-substituted styrenes also delivered the corresponding products in good yields ([Table 1](#T1){ref-type="table"}, **4ia** to **4ja**). Halo substituents including F, Cl, and Br were tolerated ([Table 1](#T1){ref-type="table"}, **4ea** to **4ga**), providing valuable functionality for further transformations. Note that when α-methyl styrene was used, the corresponding β-alkoxy sulfide was obtained in excellent yield ([Table 1](#T1){ref-type="table"}, **4ka**). In addition, indene was also suitable for this transformation, and the desired β-alkoxy sulfide could be obtained in 71% yield with an excellent diastereomeric ratio ([Table 1](#T1){ref-type="table"}, **4la**). In addition to aryl-substituted alkenes, aliphatic alkenes, such as cyclohexene, 2-ethyl-1-butene, and 1-vinyl-2-pyrrolidone, were also suitable for this transformation ([Table 1](#T1){ref-type="table"}, **4na** to **4pa**). To evaluate the practicability of this method, we performed the reaction of 4-chlorothiophenol (**1a**) with styrene (**2a**) and methanol (**3a**) on a scale of 5 mmol in an undivided cell. No obvious loss of yield was observed, although the concentration of the electrolyte was reduced from 0.3 to 0.03 M ([Table 1](#T1){ref-type="table"}, **4aa**).

###### Substrate scope for alkene oxysulfenylation.

Reaction conditions: C anode, Pt cathode, constant current = 12 mA, **1** (0.5 mmol), **2** (1.0 mmol), **3** \[35 equivalent (equiv.)\], ^*n*^Bu~4~NBF~4~ (3.0 mmol), MeCN (10 ml), 40°C, 4 hours, isolated yields.

\*Gram scale.

†The yield was determined by ^1^H NMR spectroscopy, with CH~2~Br~2~ as the internal standard.

‡Diastereomeric ratio.

§**2** (5.0 equiv.).

¶**3** (1.0 ml of HOAc).

‖**3** (0.7 ml of H~2~O).

As a follow-up study, the scope with respect to the thiolating agents was also investigated ([Table 1](#T1){ref-type="table"}). A variety of thiophenols bearing electron-neutral and electron-withdrawing groups gave the desired products in moderate to excellent yields ([Table 1](#T1){ref-type="table"}, **4ab** and **4cb** to **4jb**). Significantly, the scope of the thiolating agents could be extended to thiols. For example, when benzyl mercaptan and cyclohexyl mercaptan were used as the reaction partners, the corresponding products were isolated in 40 and 37% yields ([Table 1](#T1){ref-type="table"}, **4lb** and **4mb**), respectively.

To further establish the scope of this transformation, we tested different alcohols ([Table 1](#T1){ref-type="table"}). Notably, aliphatic alcohols with functional groups such as halogens, alkoxy, and hydroxyl were tolerated in this transformation ([Table 1](#T1){ref-type="table"}, **4bc** to **4dc**). Moreover, sterically hindered tertiary alcohols such as *tert*-butyl alcohol were also suitable ([Table 1](#T1){ref-type="table"}, **4gc**). Note that the other O-nucleophiles, such as acetic acid and water, were also suitable for this transformation, generating the corresponding acyloxysulfenylation and hydroxysulfenylation products in acceptable yields ([Table 1](#T1){ref-type="table"}, **4hc** and **4ic**).

Having successfully demonstrated this electrochemical oxidative oxysulfenylation of alkenes, we subsequently investigated alkene aminosulfenylation ([Table 2](#T2){ref-type="table"}). To our delight, under similar reaction conditions, primary aromatic amines ([Table 2](#T2){ref-type="table"}, **6aa** to **6fa**), primary aliphatic amines ([Table 2](#T2){ref-type="table"}, **6ja** to **6la**), secondary aromatic amines ([Table 2](#T2){ref-type="table"}, **6ga**), heteroarylamines ([Table 2](#T2){ref-type="table"}, **6ha**), and amides ([Table 2](#T2){ref-type="table"}, **6ia**) all delivered the corresponding products in 30 to 74% yields. These results showed that the aminosulfenylation of alkenes has also a preeminent substrate scope and application potential.

###### Substrate scope for alkene aminosulfenylation.

Reaction conditions: C anode, Pt cathode, constant current = 12 mA, **1** (0.5 mmol), **2** (1.0 mmol), **5** (1.0 mmol), ^*n*^Bu~4~NBF~4~ (0.5 mmol), MeCN (10 ml), 40°C, 4 hours, isolated yields.

\***5** (5.0 mmol).

To gain insights into the transformation mechanism, we carried out control experiments. The radical trapping experiment was performed by using 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as a radical scavenger. No desired product was found for the standard reaction of 4-chlorothiophenol (**1a**), styrene (**2a**), and methanol (**3a**) ([Fig. 2i](#F2){ref-type="fig"}), while 30% yield of the radical trapping compound **7a** was isolated. The reaction of 4-chlorothiophenol (**1a**) in the absence of styrene (**2a**) was also investigated under the standard reaction conditions ([Fig. 2ii](#F2){ref-type="fig"}), and bis-(4-chlorophenyl) disulfide **8a** (dimers of **1a**) was obtained in 78% yield. These results implied that thiyl radicals from thiophenols might be formed under the electrochemical conditions. Furthermore, the reaction of 4-chlorothiophenol (**1a**), methanol (**3a**), and radical clock substrate 1-(1-cyclopropylvinyl)benzene (**2q**) was also examined under the standard conditions, and the reaction afforded the difunctionalization product **4qa** in 63% yield; meanwhile, 20% yield of the rearrangement product **9a** was isolated. [Figure 2iii](#F2){ref-type="fig"} showed a speculated pathway in which the radical species **2q-A** was the key intermediate, and finally, **4qa** was obtained by the following oxidation, nucleophilic attack, and deprotonation. In contrast, **9a** was obtained via the ring-opening radical clock reaction ([@R46]). Another possibility, that **2o-B** underwent an S~N~2′-type reaction, in which MeOH attacks the cyclopropyl group and opens the ring, could not be completely ruled out. Because the alkyl radical **2q-C** is much more unstable than **2q-A**, **4qa**, instead of **9a**, was obtained as the major product in this radical clock experiment. Thus, this radical clock experiment also indicated that thiyl radicals might be involved in this transformation.

![Mechanistic studies.](aat5312-F2){#F2}

When 4-chlorothiophenol (**1a**) was replaced by bis-(4-chlorophenyl) disulfide (**8a**), the reaction gave the desired β-alkoxy sulfide **4aa** in 60% yield ([Fig. 2iv](#F2){ref-type="fig"}); when the reaction used TEMPO, no desired product was observed and the radical trapping compound **7a** was isolated in 9% yield ([Fig. 2v](#F2){ref-type="fig"}). In addition, the cross-coupling experiment of the mixture of bis-(4-chlorophenyl) disulfide (**8a**) and phenyl disulfide (**8u**) was performed. No reaction was observed under the no electric current conditions ([Fig. 2vi](#F2){ref-type="fig"}), while 40% yield of the cross-coupling product **10a** was identified under the standard reaction conditions ([Fig. 2vii](#F2){ref-type="fig"}). These results indicate that disulfides could be converted to the corresponding thiyl radicals under the above electrochemical conditions. To rationalize the difunctionalization of oxysulfenylation and aminosulfenylation we described, an equilibrium between disulfides and thiyl radicals promoted by electrodes was proposed ([Fig. 2viii](#F2){ref-type="fig"}). Disulfides could take one electron from the cathode, which led to the formation of disulfide radical anions and then of thiyl radicals and thiolate anions. The thiolate anions could be converted to thiyl radicals at the anode. The undivided electrochemical reaction cell could facilitate the process. To further confirm this speculation, we further performed a sampling experiment, and the results are shown in [Fig. 3](#F3){ref-type="fig"}. In the beginning, both the desired product **4aa** and disulfide **8a** were accumulated. However, accompanied by the continuous accumulation of **4aa**, the highest concentration of **8a** was obtained at about 90 min and then gradually went down to zero at the end of this transformation. These results imply that an out cycle of the equilibrium of disulfides and thiyl radicals exists under electrochemical conditions, and thiyl radicals are the key intermediate to react with alkenes. Note that the formation of arylbis(arylthio)sulfonium ions (ArS(ArSSAr))^+^ from disulfides (ArSSAr) was reported by the electrochemical oxidation in a divided cell at −78°C, and the cationic species could react with alkenes and other nucleophiles in the absence of the electric current ([@R47]).

![Sampling experiment.\
Reaction conditions: C anode, Pt cathode, constant current = 12 mA, **1a** (0.5 mmol), **2a** (1.0 mmol), **3a** (0.7 ml), ^*n*^Bu~4~NBF~4~ (3.0 mmol), MeCN (10 ml), 40°C, GC yields.](aat5312-F3){#F3}

According to the above results, a plausible reaction mechanism is proposed in [Fig. 4](#F4){ref-type="fig"}. First, thiophenols/thiols (**1**) were converted to thiyl radical **A** by the electrochemical anodic oxidation and following deprotonation. Subsequently, radical addition of thiyl radical **A** to alkenes (**2**) afforded carbon-centered radical **B**, which could be further oxidized to generate a benzyl cation intermediate **C**. Finally, **C** is attacked by the nucleophile (NuH), and the desired product is obtained after deprotonation of intermediate **D**. Concomitant cathodic reduction of nucleophile or protons leads to the hydrogen evolution. As another possibility, the pathway in which disulfide is oxidized to the corresponding arylbis(arylthio)sulfonium ion **E**, then nucleophilically attacked by alkene **2** and nucleophile (NuH) to form the desired product, could not be completely ruled out.

![Proposed mechanism.](aat5312-F4){#F4}

CONCLUSION
==========

In summary, we have disclosed efficient and highly selective electrochemical oxidative oxysulfenylation and aminosulfenylation of alkenes directly using thiophenols/thiols as thiolating agents. A series of β-alkoxy and β-amino sulfides were produced in good to excellent yields under electrochemical oxidation conditions. This electrochemical oxidative synthetic strategy can avoid the usage of external oxidants. The anodic oxidation was proved to have certain advantages such as better functional group tolerance and higher atom economy.

MATERIALS AND METHODS
=====================

All solvents were purified according to the solvents handbook. Unless otherwise noted, materials were obtained from commercial suppliers and used without further purification. A DJS-292B dual display potentiostat was used for electrolysis. The anodic electrode was a graphite rod (ϕ 6 mm), and the cathodic electrode was a platinum plate (15 mm × 15 mm × 0.3 mm). Glass silica gel plates (0.250 mm) were used for thin-layer chromatography. Flash chromatography columns were packed with 200- to 300-mesh silica gel in petroleum (boiling point, 60° to 90°C). Gas chromatographic (GC) analyses were performed using a Shimadzu GC-2014 GC instrument with a flame ionization detector, and biphenyl was added as an internal standard. GC--mass spectrometry spectra were recorded on a Varian GC MS 3900-2100T or Shimadzu GC MS-2010 mass spectrometer. ^1^H and ^13^C nuclear magnetic resonance (NMR) data were recorded with Bruker Advance III (400 MHz) spectrometers with tetramethylsilane as an internal standard.

General procedure for electrochemical oxidative oxysulfenylation of alkenes
---------------------------------------------------------------------------

In an oven-dried undivided three-necked bottle (25 ml) equipped with a stir bar, thiophenols (0.5 mmol) and ^*n*^Bu~4~NBF~4~ (3.0 mmol) were combined and added. The bottle was equipped with the graphite rod (ϕ 6 mm; immersion depth in solution of about 20 mm) as the anode and the platinum plate (15 mm × 15 mm × 0.3 mm) as the cathode and was then charged with nitrogen. Under the protection of N~2~, alkenes (1.0 mmol), alcohols (35 equiv.), and CH~3~CN (10 ml) were injected into the tubes via syringes. The reaction mixture was stirred and electrolyzed at a constant current of 12 mA at 40°C for 4 hours (3.7 F). When the reaction was finished, the pure product was obtained by flash column chromatography on silica gel.

General procedure for electrochemical oxidative aminosulfenylation of alkenes
-----------------------------------------------------------------------------

In an oven-dried undivided three-necked bottle (25 ml) equipped with a stir bar, thiophenols (0.5 mmol), amines (1.0 mmol), and ^*n*^Bu~4~NBF~4~ (0.5 mmol) were combined and added. The bottle was equipped with the graphite rod (ϕ 6 mm; immersion depth in solution of about 20 mm) as the anode and the platinum plate (15 mm × 15 mm × 0.3 mm) as the cathode and was then charged with nitrogen. Under the protection of N~2~, alkenes (1.0 mmol) and CH~3~CN (10 ml) were injected into the tubes via syringes. The reaction mixture was stirred and electrolyzed at a constant current of 12 mA at 40°C for 4 hours (3.7 F). When the reaction was finished, the pure product was obtained by flash column chromatography on silica gel.
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